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Abstract 


At the moment, the world is not known to be a very strange place. 
But the possibility of a strange Universe has not been ruled out. This 
strangeness could occur at many levels, from forming heavier than 
usual isotopes of common elements, to larger strange ‘nuggets,’ to 
entire stars composed largely of strange matter. I outline the ways 
in which strangeness may occur, the possible mechanisms for the 


formation of strange matter, and current searches for the various 


forms. 
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Introduction 


Stable baryonic matter in the Universe currently appears to be 
composed of up and down quarks. However, a system of 3A up, 
down, and strange quarks would have a lower energy per baryon 
than normal nuclear matter. The energy savings comes from the 
decreased Fermi levels of a system with 3 different flavors instead of 
only two. The quarks in this case would not form individual baryons, 
but would have wave functions ranging over the entire size of the 
system. Color must still be confined, so it is still possible to talk about 
baryon number when discussing such a system. This would represent 


a new ground state of matter. 


In 1984 it was suggested that such strange quark matter, or 
‘strange matter,’ might be both stable and bound at zero temperature 
and pressure. Normal nuclear matter does not decay to this true 
QCD ground state due to the high order weak process necessary to 
produce the strange quarks in abundance. The radically different 
wave functions between nuclear and strange matter would also 
greatly inhibit such decay. However, certain specific processes can be 


envisioned that would produce strange matter. 


It is natural to divide the spectrum of strange matter into 3 cate- 
gories by size. Each requires a different model. Bulk strange matter 
is sufficiently large that no surface effects need to be considered. The 
concepts needed to explain bulk strange matter are useful in more 
detailed models of ‘strangelets,’ nuggets of strange matter with a 
baryon number < 10’ . Very small strangelets would resemble super- 
heavy isotopes of known elements. A model of very small strangelets 
requires a different approach, as these systems are too small to simply 


apply a bulk model with surface corrections. 


Naturally occuring strangelets may have formed in the early stages 
of the Universe. Strange matter may also be formed in the present 
under high pressure in the dense interiors of neutron stars. In order 
to detect naturally occuring strange matter, or to produce it in the 
lab, it is necessary to determine its stability. An understanding of the 


interactions between strange and normal matter is also important. 


Several searches have been conducted for natural sources of 
strangelets, both astronomical and terrestrial. Accelerator experi- 
ments have attempted to produce strangelets artificially, and more are 
planned as new facilities become available. Occasionally, speculations 
on the properties of and uses for strangelets have resembled science 
fiction. 

Finally, there are many details which must be thoroughly inves- 
tigated in order to make meaningful specific predictions from the 


models I will discuss. (For example the choice of renormalization 
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scale.) Rather than attempt this, I will be interested in revealing the 


general properties of strange matter predicted by these models. 
Forms of strange matter 
Bulk matter 


Bulk strange matter is a system of up, down, and strange quarks 
which is bound and stable at zero temperature and pressure. The 
quarks are not localized to individual baryons, but instead have wave 
functions that range over the entire size of the system. The system is 
large enough so that surface effects do not need to be considered. It is 
electrically neutral, and electrons (or positrons) are within the system 
as needed. 

A model of bulk matter is of interest for two reasons. First, it may 
describe natural sources of strange matter, such as strange ‘neutron’ 
stars. Second, bulk matter is the simplest strange matter system 
available. We can use a simple model of the bulk as a starting point 
for investigations into other forms of strange matter where additional 


effects must be considered. 


The primary goal of a bulk model is to predict the stability of 
strange matter. Stability depends on the energy per baryon of the 
system. If this energy is greater than for nuclear matter, or greater 
than the mass of a nucleon, it will be unstable toward emission of 
nuclei or nucleons. Non-strange quark matter is unstable in this way 
(although it may be stable at high pressure). I will describe a model 
where the energy per baryon is lowered from the non-strange case, 


and stability is predicted for certain ranges of QCD parameters. 


This model makes several assumptions. First, it assumes that 
confinement will be satisfied by a collection of 3A quarks separated 
from the vacuum by a phase boundary. This is necessary as quark 
matter is not explicitly clumped into baryons. The quarks masses are 
taken to be their current algebra masses. The quarks are described 
by a Fermi gas, and the properties of that gas are computed with 
renormalized perturbative QCD. As a result of these assumptions, 
this model is limited to fairly rough predictions. In particular, the 


strong coupling, a, is not small at this scale. 


The model contains three parameters. B is analogous to the bag 
constant of a bag model; it represents an external pressure which 
keeps the system bound. It is essentially a parameterization of 
the long range QCD confinement force. The other parameters are 
the mass of the strange quark metrange, ANd Astrong- These are both 
functions of the renormalization scale. In principle, the choice of 


scale should have no effect on observables, but in this model only first 
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order corrections in a, are included, and a, itself is not small. 


The model starts with a Fermi gas of quarks and electrons. Weak 
processes maintain equilibrium between the various species. (The 
resulting dilute neutrinos gas can be ignored regardless of the 


neutrino mass.) The equilibrium chemical potentials are then 


Ha = Hs = fu + Pe 


Since the system must be neutral, 


di 
Ny 3 itd 3 id In, =0 


where n, is the number density for each species. This leaves a single 
independent chemical potential. The total energy density of the 
system is 

e= )) (O,+ Hatta) +B 


a=u,d,s,e 
where Q) is the thermodynamic potential. For a quark of zero mass 
and a, = 0, O, =—p3/4n?. Corrections must be added to Q for the 
strange mass, which will decrease the number of strange quarks in 
the system. Corrections must also be included in Q for non-zero ay. 
For massless quarks, this results in an additional factor of [1 -2a,/7], 
working to first order. The correction to 0, is somewhat more 


complex. 


Higher a, results in stronger effects from single gluon exchange. 
Single gluon exchange will be repulsive for massless, relativistic 
quarks, and attractive for massive non-relativistic quarks. Increased 
single gluon exchange will therefore shift the equilibrium to a state 
of more strange quarks and fewer nonstrange ones. It is possible to 
have a combination of large a, and small m, such that strange quarks 
are more abundant than each of the nonstrange quarks. In this case 
the overall charge of the quarks in the system will be negative, and 
positrons will be present to balance the charge. For the finite size 
systems discussed below, the positrons are not present within the 
system, and negatively charged strangelets are possible. These would 


be particularly unpleasant to encounter. 


The overall conclusion of this model is that bulk strange matter is 
stable over a certain region in the three dimensional parameter space 
(B, m;, a;). To see if strange matter may actually exist, it is necessary 
to determine if the values allowed by the model are consistent 
with the real world. Unfortunately this is hindered by a number of 
factors. The ‘known’ values of the parameters are obtained from bag 
model fits to light hadron spectra. The renormalization point of the 
bag models is unknown, so neither a, nor m, can be meaningfully 


compared. Bag models include phenomenological parameters, and 
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the bag values of a;, ms, and B will depend on those parameters. 
The values obtained from bag models also depend on the details of 
the bag-quark wave functions. While it is not possible to compare 
the ‘windows of stability’ for strange matter to known values of the 
parameters, the windows are quite large. It is therefore quite likely 
that strange quark matter is bound and stable. Even if it is not, it is 
possible that the additional contributions from finite size effects may 


make smaller ‘nuggets’ of strange matter stable. 


Strangelets (A = 10’) and strange nuggets 


Strange quark matter in this range is still large enough to be treated 
as a Fermi gas, but small enough that effects relating to its finite size 
must be considered. The radius of such a strangelet is approximately 
200 fm, which is less than the Compton wavelength of an electron. 
Unlike bulk strange matter, electrons will not be found within 
strangelets, but will be found ‘orbiting’ the strangelet as in an atom. 
As a result, coulomb forces within the strangelet may no longer be 


neglected. In addition, surface effects must also be considered. 
A Model 
I will examine a model of strangelets as bulk matter with the 


addition of these finite size effects. The total energy of the strangelet 


may be written as follows: 


1672a sia 


3V 2/3 
E=) (Hatta +OQu)V | 4no| =] + BV 4 is |e 
a 


where V is the volume of the strangelet, a is the fine structure 
constant, and the sum is over the quark flavors. For bulk strange 
matter, the chemical potentials for each of the quark species were 
approximately equal. Now, due to the presence of a coulomb energy, 
pt, will differ from yg = ps. The expressions for the thermodynamic 
potentials, ,, are the same as in the bulk case. A renormalization 
point must again be chosen for Qstrong ANd Metrange Within Q. This 
choice will ultimately affect any quantitative predictions, but the 


qualitative features should be independent of scale. 


An intuitively appropriate choice of scale for this model is the 
effective mass of a constituent quark, My /3 ~ MeV. Since Iam 
only interested in the general properties of strangelets and not in 
detailed predictions, I will not worry about the effects of choosing a 
different renormalization point.Q and n will also be modified due to 
surface effects, which may themselves depend on m, and a,. These 
effects may be parameterized into a surface tension, o, giving rise 
to the second term in the total energy proportional to V*/>. The 


third term represents the pressure keeping the strangelet bound; B 
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is analogous to the bag constant of bag models, and is equal to the 
difference in the energy of the perturbed vacuum inside the strangelet 
and the true QCD vacuum outside. The final term represents the 
coulomb energy, proportional to the square of the strangelet charge, 


nz = zn, - zNq - FNs, and assuming the charge is evenly distributed. 


The ratio of quark species and the size of the strangelet can be 
found by minimizing this total energy with respect to the chemical 


potentials while the baryon number, A = 5 La n,V, is held fixed. 
The Results 


The model predicts that the charge of a strangelet will be propor- 
tional to A!/°. This is in contrast to nuclear matter, where Z ~ A/2. 
The coulomb energy goes as Z?/A!/° at constant density. What is 
important for stability is that the total energy per baryon be less than 
the mass of a free nucleon. For nuclear matter, the coulomb energy 


per baryon goes as 


ZAM? (Apo (Ae FOE 
A A 
As this increases with A, there is a point where a nuclear matter 
becomes unstable, at around A = 250. In strange matter the energy 


per baryon is 


Z2/Ai/3 7 (A1/3)2/Al/3 wee 
A A 


and strange matter becomes increasingly stable with A. This behavior 
is one of the primary concepts in understanding the phenomenology 


of strangelets. 


Since Z ~ A!/3, the coulomb energy will drive Z/A — 0 for large 
A. For m, = 0, this is consistent with a minimization of the ‘symmetry 
energy,’ since equal numbers of each flavor result no net charge. 
For m, > 0, the model predicts an increase in charge. A massive 
strange quark shifts the symmetry energy minimum toward non-zero 
Z/A, so that with increasing A the coulomb energy going to zero 
will force an increase in the symmetry energy. In the absence of 
surface effects, this would lead to a destabilization of the strangelet. 
However, the charge to baryon ratio Z/A is so small that surface 
effects can easily compensate for the coulomb energy. This prediction 
of Z/A — 0 for large A is also inconsistent with the bulk limit. This is 
because electrons are not present in strangelets; if they are included, 


consistency is restored. 


Electrons would be expected to surround a strangelet in ‘atomic’ 
orbitals. For a strangelet of charge 100, the Bohr radius of the inner 
shell = 1/mZa will be much larger than the size of the strangelet. 


It would resemble a superheavy atom, with A ~ 104. A strangelet of 
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A~ 10° would have a charge of about 1000; the simple minded Bohr 
radius of its innermost electron would be about 53 fm, compared to a 
strangelet radius of about 200 fm. Although this is much to simple a 
picture to determine the percentage of electrons near the core of the 


strangelet, it is clear that the transition to bulk strange matter is near. 


Small (Atomic Size) Strangelets 


A model for A~ 10-100 


Motivated by the desire to explore a form of strange matter that 
could be produced in an accelerator, people began to study very 
small strangelets of order A ~ 10-100. Models of bulk quark matter 
are inappropriate for such small systems, even with the inclusion 
of finite scale modifications, as a simple Fermi gas model breaks 
down (although Fermi levels are sill qualitatively useful). Models 
of these systems involving QCD are quite limited and unfulfilling. 
For example, they do not display shell closures, and are particularly 
sensitive to the choice of renormalization scale. Gluon exchange 
effects are also very difficult to calculate for a system of more than a 


few baryons. 


Instead, I will examine a fairly simple model of a gas of non in- 
teracting fermions in a bag. Again I am not interested in realistic 
predictions, but simply in getting a feel for what general charac- 
teristics such small accelerator produced strangelets might exhibit. 
This model only takes account of the kinetic energy of the quarks 
and Pauli exclusion, and requires color confinement. It produces 


surprisingly conceptually rich results. 


The model begins by filling energy levels in a bag one quark at a 
time, minimizing the energy each time with respect to flavor. The 
bag radius is adjusted to balance a constant external pressure, B. 

(B is chosen by fits to models of bulk strange matter.) A zero point 
energy is included. The energy per baryon (in the bulk), the strange 
quark mass, and the baryon number of the strangelet are left as 
free parameters. The quarks are non-interacting, and perturbative 
QCD corrections are ignored. Ignoring coulomb interactions is also 
acceptable, since Z will typically be very small for these small A 


systems. 


At this point there are several options. Some models fix the 
strangeness to baryon number ratio, which is clearly not of interest 
when searching for the most stable state. Some models use expan- 
sions of the density of states in order to describe average properties 
of the system. This has the effect of smoothing out potentially inter- 


esting features. I will describe a model by Gilson and Jaffe where the 
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exact density of states is computed. This approach reveals a shell 
structure analogous to nuclear structure: near a shell closure, stability 
is greatly enhanced. As a result, S for the most stable configuration 
is an erratic function of A, and metastable configurations arise for 


parameters which would be unstable for bulk strange matter. 


The procedure for this model is to put in the model constraints 
and parameters from the bulk in order to obtain a first guess for 
the bag radius. From this it is possible to numerically solve for the 
eigenvalues, which in turn provide a better value for the radius. The 
radius and eigenvalues are adjusted iteratively until the energy is 
minimized. 

The model consists of light, relativistic quarks in a small bag, so 


the Dirac equation is applied: 
(a-p+pm)\Y=EV r<R 
with the boundary condition 
i?-yY=WV r=R 


This boundary condition is equivalent to requiring that no probability 
flux leaves the bag. For the non relativistic case, however, the wave 
function must explicitly go to zero at the boundary. Since the strange 
quarks are heavier, and therefore less relativistic, it is natural to 
expect that they would be concentrated more toward the center of the 


strangelet. 


Solving the Dirac equation yields the eigenfunctions and tran- 
scendental equations for the eigenvalues. Equilibrium will require 
the Fermi energy to be the same for each species of quark, such that 
the change in the total energy from the addition of one quark (the 


chemical potential) will be the same for each; 


P= Pu = Fd = Bs 


Integration of the volume term of the density of states provides an 


expression for the number density of each quark species, 
Ny =Nq = 6 /t ns = pcos? 0/1? 


where sin0 = m,/ pl. 


We can now use parameters and expressions appropriate for the 
bulk (A — oo) limit in order to obtain a first guess for the radius of 
the bag. From fits to bulk strange matter a value is chosen for B, the 


external vacuum pressure or bag parameter. The baryon number and 
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total energy are then 


Hi 
A= 3 yo mV and total = Y HattaV 
a a 


where V is the volume of the bag. This gives a total energy per 


baryon, again in bulk, of e, = 3p. 


These equations can be combined to find and approximate ex- 
pression for the radius of the bag, ignoring any surface effects, as 
a function of A, ey, and m,, the free parameters of the model. The 
energy levels are computed numerically from the transcendental 
eigenvalue equations, and the radius is adjusted accordingly. This 
continues until the total energy is minimized. The outputs of the 


model are values for €,, S, and R. 
The predictions 


Even though this model is fairly simplistic and cannot make 
detailed predictions, it does yield several fascinating qualitative 
features of small strangelets. It begins to fill the bag with the massless 
non-strange quarks. Soon Er becomes large enough that it becomes 
energetically favorable to begin adding strange quarks. At some 
point it again becomes favorable to add non-strange quarks. As the 
radius of the bag increases, the strange and non-strange energy levels 
will change at different rates. As a result, the levels do not fill with 
a simple cycling through the quark flavors. The variation of energy 
levels with respect to each other yields level crossings at some values 
of A, where the strange quarks will “unload” into the non-strange 


levels. One such crossing occurs at A = 30. 


There are also points in the filling where e(A) drops rapidly. In 
this case, the decrease in energy from emitting a baryon in insuffi- 
cient to offset the energy need to climb out of the dip. The increased 
stability at these points is reminiscent of a shell closure in nuclear or 
atomic physics. In fact, the first few dips coincide with the filling of 


a strange s!/?, non-strange p*/?, p!/?, and strange p*/? shells. As in 
nuclear structure, the specific locations and order of the shell closures 


will depend on the details of the potential (the bag in this case). 


Bulk strange matter is predicted to have Z/A <« 1, as equal 
numbers of u, d, and s quarks give a charge near zero. In small 
strangelets the shell structures will determine the allowed charges for 
stable strangelets. In the limit of massless u and d quarks, there is an 


isospin symmetry allowing 2 equally stable species for most A. 


The model also validates the expectation that the spatial density of 


strange quarks will be peaked near the center of the strangelet. 


Natural origins of strange matter 


Cosmological 


There is the possibility that strange matter was formed early in the 
evolution of the Universe. While such a scenario requires some fairly 
lucky coincidences, it produces some interesting results and in any 


case cannot be ruled out. 


Witten’s model of this process begins with the assumption of a first 
order phase transition in the early Universe from a high temperature 
state of quasi-free light quarks to a state of hadronic matter. Low 
temperature bubbles of hadronic matter will form as the Universe 
expands, then grow as they absorb energy from their surroundings. 
At some point the lower energy ‘bubbles’ will percolate, and soon 
after it is the high energy regions that form bubbles. As the Universe 
continues to expand, the high energy free quark bubbles continue to 


give off energy. 


This release of energy may take two forms. If it comes from 
evaporation, i.e. the release of hadrons into the low temperature 
region, then the bubbles will continue to shrink until they disappear. 
If instead they loose energy via neutrino emission, the baryon number 
inside the bubble will remain constant while energy is released. The 
bubbles will continue to shrink in size, increasing the baryon density. 
Eventually the excess baryons inside will produce a pressure to resist 


further contraction. 


These lumps now contain between 80% and 99% of all the baryon 
excess in the Universe, but are only about 1 cm in radius. The density 
of these lumps of hot quark matter would be about 10!° gcm~3. They 
would not have been incorporated into stars or or planets. In order 
for these lumps to survive, they could not be composed of normal 
matter, but instead would be composed of quark matter. From the 
models of bulk matter it is clear that this would be strange quark 
matter. The large mass contained in these objects makes them a good 
candidate for dark matter, and in fact they have certain properties 
consistent with many particle physics explanations of dark matter. 
This comes with the important caveat that it requires some conspiracy 
in many QCD parameters. It also assumes that the loss of energy 
from the hot bubbles proceeds primarily via neutrino emission and 


not evaporation, which is highly suspect. 


Contemporary 


There is another mechanism for the recent astronomical production 
of strange matter. As mentioned above, non-strange quark matter 
is unstable at zero external pressure. However, it is only unstable 


by a few 10’s of MeV. Pressures at the cores of neutron stars may 
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be sufficient to overcome this instability. As soon as this quark core 
exists, it will become favorable to lower the energy by changing some 
of the light quarks to strange quarks. At the same time, the quark 
matter core of the star can grow by absorbing neutrons, since there 
is then no coulomb barrier to overcome. The entire neutron star will 


soon become strange quark matter. 


Strangelets could then be created from collisions between these 
strange ‘neutron’ stars. Numerical simulations of head-on collisions 
of neutrons stars suggest that as much as 13% of the total mass of 
the system might be ejected. These potentially relativistic strangelets 
would eventually be impingent upon the Earth’s atmosphere. Even if 
such collisions are rare, binary systems may eject some mass during 
mass transfer, or in the decay of the binary system. I will examine 
attempts to detect such astronomical sources of strangelets in the 


next sections. 
Searches 
Stability 


Of primary interest for the detection of strangelets is their stability. 
For astronomical production of strange matter, it is necessary that 
it be quite stable. For production and detection in accelerator ex- 
periments, strangelets need not be absolutely stable, but the design 
of the experiment will depend greatly on their lifetimes and decay 
modes. Since in practice we are most likely to produce or detect small 
strangelets, I will concentrate here on their stability. I will proceed 
systematically through each potential decay mode, and estimate its 


relevance. 


While specific predictions of lifetimes are not possible at this level, 
it is possible to obtain a qualitative understanding. For each decay 
mode the boundaries for stability can be found. By overlapping the 
decay boundaries it is possible to identify regions of stability. The 
decay modes may be divided into two categories: baryon number 
changing decays at constant charge, and baryon number conserving 


decays. 


The general decay space is three dimensional, the axes being 
baryon number (A), charge (Z), and strangeness (S). The leading 
baryon emission decay will proceed much more quickly than the 
baryon conserving decays. The different time scales for A changing 
and conserving processes allows us to look at these independently. 
First we can trace the decay in a slice taken through the decay space 
in the (A, S) plane. Once stability is reached with respect to baryon 
number, we can trace the decay in the (Z, S) plane to stability or 


quasi-stability. 
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Baryon emission processes 


The first possible decay mode of a strangelet would be to simply 
fission, or to emit a normal nucleus. This turns out to be energetically 
unfavorable since the energy per baryon in a strangelet decreases 
with A. This behavior comes as a direct consequence of the large 


surface tension and small coulomb energy as modeled above. 


In contrast to nuclei, a particles have a very large binding energy 
per baryon. This makes it energetically favorable to decay via a 
emission. Energy is not the only consideration however. a decay will 


be greatly inhibited by the difficulty of arranging the quarks into an a 


particle, since in quark matter the quarks are not bound into hadrons. 


Even when this happens, the a must still overcome the coulomb 
barrier. As a result, a decay will only be important in strangelets 


which are otherwise stable. 


Neutron emission is a much more pressing problem for an aspiring 
strangelet. Neutron decay will occur whenever JE/0A, where E is the 
total energy of the strangelet. The resulting lifetime would be typical 
of strong processes. Neutron emission could also occur via the weak 
interactions, but this flavor-changing weak process will of course be 


suppressed. 


Since Z does not change in neutron emission, we can take a slice 


through the decay space at constant Z to examine the decay process. 


There is always a large stable region in this plane, and in general 
strangelets in one of the unstable regions will decay into the stable 
region. This will happen before the first baryon number conserving 


decays can occur. 
Baryon number conserving decays 


There are two f decay processes that contribute to the strangelet 
lifetime. The strangeness changing f decay, s ~ ue Vz, will be cabibo 
suppressed. The alternative f decay, d < ue ¥, will proceed if 
JE/0Z. This will occur for strangelets with a charge sufficiently 


different from the charge at the energy minimum. 


Strangelets may also decay toward flavor equilibrium via photon 
emission. This weak process will be additionally inhibited by the 


electromagnetic coupling. 


Again, since A does not change in these decays, we can examine 
the decay in the (S, Z) plane. Unlike the baryon emission case, there 
is no large region of stability. There is a single point of absolute 
stability where the decay boundaries cross. Strangelets left elsewhere 


in this plane from neutron emission will tend to decay to this point. 
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Interaction of strangelets with normal matter 


Before designing an experiment to find strange matter, it is necessary 
to understand how it will interact with normal matter. One striking 
result from the models of strange matter is that the energy per 
baryon always decreases with A. This is in contrast to nuclei, where 
the increase in energy per baryon resulting from the coulomb force 
destabilizes nuclei of large A. It may seem that strangelets might 
interact with normal nuclear matter by absorbing it, since that would 
be energetically favorable. Although the charge per baryon of a 
strangelet is small, it is sufficient to produce a coulomb barrier high 
enough to prevent such reactions at low energies. Strangelets would 
be inert in contact with ordinary nuclear matter in the same way 
that nuclei lighter than iron do not spontaneously undergo nuclear 


reactions. 


The coulomb barrier would not prevent interactions with neu- 
trons, however. Indeed, this is a key ingredient in the scenario for 
producing strange ‘neutron’ stars. The absorption of neutrons will 
be limited by the rate at which the weak interactions can equilibrate 
the chemical potentials. This ability to absorb neutrons coupled 
with the increased stability at greater A may allow strangelets to be 
grown to arbitrary size in the lab. This is particularly important if 
the minimum size of a stable strangelet is greater than can be pro- 
duced directly in a collider. These reactions are of course exothermic, 
leading to speculation of using strangelets as an energy source. Any 
neutron rich environment would be appropriate for such growth, 


such as the interior of a conventional reactor. 


The situation is somewhat different for strangelets with an overall 
negative charge, as allowed by the above strangelet model for large 
strong and small mMgtrange- It is not clear if a more complete calcula- 
tion (e.g. to higher order in a,) would make the allowed range of 
parameters for negative strangelets larger of smaller. A negatively 
charged strangelet would have no coulomb barrier against absorption 
of normal matter, and would in fact attract it. The resulting exother- 
mic reaction would simply produce a larger strangelet. Since the 
energy per baryon always decreases with A, a negatively charged 
strangelet on earth would continue to digest all of the matter it came 
into contact with until the earth itself was entirely strange. The 
only limit on such a process would again be the rate of the weak 
interactions in equilibrating the strangeness. From this it is clear that 
no negatively charged strangelets exist on earth. The possibility of 
producing such objects would be of interest primarily to Hollywood, 
the military (presumably for use against an extra-terrestrial invasion), 


and opponents of Brookhaven. 
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Gravitational considerations are most important for the possibility 
of finding naturally occuring strangelets. A strict limit is placed on 
the size of a strangelet at the Earth’s surface. Typically predicted 


values for strangelet density are 10'3 gcm™? to 10!° gem? 


, compared 
to the density of the earth, 5 x 10° gcm~°. This gives a limit of 

A~x 10!” or M = 10-’¢ before the strangelet can no longer be 
gravitationally supported by the earth. An astronomically produced 
strangelet impingent on the earth, with a typical velocity of 2 x 

107 cms~!, would plow straight through the earth, punching a 

hole 0.01 cm to 1 cm in radius. A low predicted flux of such events 
(~ 1-10 per decade) may alleviate some panic, but also reduces 
the probability of detection. The high density of strange matter also 
puts a limit on total mass of a strange star; such an object would be 


gravitationally unstable with a mass greater than about 2Mo. 


A common feature of all strange matter models, regardless of 
parameters, is a very low charge to mass ratio. As a result this is the 
best signature for experimental identification of strangelets. While 
this should be sufficient for detection, it is difficult to be specific 
about the properties of strangelets. To get an idea of the possibilities, 
a few example configurations allowed by the models are summarized 


in the following table: 


mMeV A Z S 

150 316 12.» 283 
200 1000 54 794 
150 10° 535 9x10° 


225 3x10° 868 2x10° 


The first two would appear to be just superheavy isotopes of 
known elements; in this case magnesium and xenon. The others are 
much larger in both mass and charge, and would have a Z/A dras- 
tically smaller than nuclei. The last example would be radioactive. 
These are properties which would be studied once the strangelets 
were produced, but due to their uncertainty could not be used to 


identify strangelet candidates. 


Detection of natural sources 


Astronomical 


If an astronomical strangelet were to hit the atmosphere, it would 
result in a shower of high energy particles. Several experiments 
originally conceived to detect cosmic y rays have sensitivity to such a 
shower. As an upper limit on the expected flux, assume that all of the 


dark matter consists of strangelets. The density of dark matter in our 
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region of space is about 10-74 gcm™?. Strangelets of radius 0.01 cm to 
10cm would then have a number density of 10-74 cm=3 to 107# em™?. 
The typical collision velocity would be that of the sun’s velocity due 
to galactic rotation, about 107 cms~!. This results in a limit on the 

flux reaching the earth of 10-7 cm~*s~! to 10° cm~s~!, depending 


on size. 


One such experiment was originally intended to search for pulsars 
in the crab nebula. It ran for 112 hours, and was set to trigger on 
events lasting 10-® seconds. A reanalysis of the data to search for 
strangelet events required a ‘burst’ of 12 events to arrive within 10-7 
seconds. This corresponds to the transit time of a strangelet through 
the part of the atmosphere from which events could be detected. 
Producing 12 events from random fluctuations would require a 
fluctuation of ~ 4.50. From this analysis the upper limit on the flux of 
strangelets is ~ 10-!©cm~*s“!, for strangelets ranging from 10-3 g to 


10g. This is below the upper limit from the quick estimate above. 


Each of the other experiments have sensitivities to strangelets 
of a particular size, covering an overall range from 10° ¢ to 250g. 
Each places a limit on the total flux of strangelets of a given mass. 
When compared with the upper limit from the estimate above, the 
experiments are virtually all consistent with that limit. Experiments 
designed specifically for strangelet detection should be able to place 


much stricter limits. 
Terrestrial 


If strange matter has a cosmological origins, and is stable, then it 
is possible that some has survived and is now present on Earth. If 
strangelets are released from collisions of strange stars, some of this 
fallout may also be present. Searches for superheavy isotopes of nor- 
mal elements on earth have placed limits on strangelet abundances. 
One experiment used Rutherford backscattering of heavy ions to 


obtain such limits. 


The experiment consisted of a fixed target of a sample of natural 
material 1 mm to 2mm thick. The target was bombarded by a beam 
of U 3g at an energy of 1.4MeV/A. The backscattered Uranium 
passed through a series of multi-wire proportional counters, which 
measured the time-of-flight, position, and deposited energy (AE). 
From this information it is straightforward to extract the charge and 
scattering angle of the backscattered particle; the energy loss provides 
additional particle identification information. This information 
was used to separate the backscattered Uranium from target nuclei 
(e.g. Iron) that were rescattered after recoiling from a collision with 
the Uranium. Uranium ions with too long a time of flight were not 


included in the data, as they might have been multiply scattered. 
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From a knowledge of the Rutherford cross section and the scat- 
tering angle, it is possible to determine the mass of the struck target 
particle. This determination is limited to a mass of ~ 10+, since higher 
mass particles can no longer be described as point-like objects in the 
Rutherford formula. The lowest mass the experiment was sensitive 
to was A = 400, corresponding to directly backscattered Uranium at 
the maximum allowed time-of-flight. No events were found in this 
allowed region. A knowledge of the target thickness provides limits 
on the abundance of strangelets ranging from 10~!° at A = 400 to 
10-!4 at A= 10%. The increase in sensitivity with mass corresponds 
to an increase in the Rutherford cross section. These limits will be 
somewhat model dependent, as the Rutherford cross section depends 
on Z/A. For the strangelet model described above, varying the pa- 
rameters can change the limits on strangelet abundance by as much 
as a factor of 20. This experiment measured samples of Iron from a 
meteorite, as well as terrestrial samples of garnet and manganese, and 


several lanthanide elements extracted from various minerals. 


Other experiments, designed to look for relics from the Big Bang, 
have placed applicable limits on naturally occurring strangelets in 
the mass range A = 107 to 10+. These experiments yield much lower 


limits for these lighter strangelets. 


Artificial sources 


Heavy Ion Colliders 


Strangelets, if at all stable, are most likely to be produced in 
relativistic heavy ion collisions, because of the high energies and 
large numbers of particles involved. In this context they have an 
additional attraction, in that they may provide a signal of the elusive 
Quark-Gluon Plasma. (It is sociologically interesting, as RHIC nears 
completion, to observe the transition in proposals from claiming 
that there is “no need to create the QGP” to create strangelets to 
calling them “an important signal of the QGP.”) Many experiments 
have been run searching for strangelets at both CERN and the AGS 
at Brookhaven, and more are proposed at RHIC and the LHC using 
the STAR and ALICE detector systems. There is a detailed scenario 
common to these searches of strangeness distillation followed by 
condensation of a strangelet from the Quark-Gluon Plasma. It may 
also be possible to form strangelets via coalescence of the necessary 
ingredients, without the need to pass through the plasma phase. This 
is more likely at the lower energy facilities due to the more limited 


expansion of the system. 


Although the details of each experiment are different, the basic 


principles are quite similar. All of the relativistic collider experi- 
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ments rely on the extremely low charge to mass ratio of a strangelet 
for identification. They each use some form of trajectory reconstruc- 
tion to establish P/Z. The velocity of the particles is obtained from 

time of flight measurements, and Z may be determined from energy 
loss measurements. Overall the experiments place limits on the cross 
section for production of strangelets which leave sufficient room to be 
hopeful for the proposals for the new experiments at RHIC and the 

LHC. 


Growing strangelets 


Assuming strangelets may be produced in collider experiments, 
they will be fairly small in size. They may only be meta-stable, and 
so for further study it would be advantageous if it were possible 
to ‘grow’ them to some larger, completely stable size. This is the 


motivation for a suggested experiment. 


The strangelets would first need to be separated, possibly by a 
mass spectrometer (the strangelets would have a larger momentum 
than the primary background sources). The relativistic strangelets of 
mass A ~ 30 would then be slowed by an electrostatic potential and 
sent into a storage ring. This ring would contain liquid deuterium 
tanks at several places, where the strangelets could absorb neutrons, 
quickly growing to sizes of A > 104. The proposal for this experiment 
optimistically advertises the potential to use these stable strangelets 


as a compact energy source. 


Conclusions 


It is not clear that strangelets exist naturally, can be produced, 
or are stable enough to be detected. Searches have so far not found 
evidence of them. But while it is not clear that they must exist, 
they cannot be ruled out. The allowed range of parameters for 
stability is fairly wide, and the values are not unreasonable. The 
arguments that motivated the first discussions of strange matter 
remain valid reasons to expect it. The existence of strangelets would 
provide possible explanations for some observed phenomena (e.g. 
dark matter). Fascinating new phenomena would also be available 
for study. Further theoretical exploration of the possibilities of 
strangelets is fundamentally limited by the inability to use QCD 
for detailed calculations of the many-quark system, and by a lack of 
specific knowledge of the critical parameters. For these reasons, the 


experimental search must continue. 
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